Although flow cytometry has been used to study antibiotic effects on bacterial membrane potential (MP) and membrane permeability, flow cytometric results are not always well correlated to changes in bacterial counts.
Flow cytometry allows measurements of several physical or chemical characteristics to be made for an individual cell in a matter of microseconds, providing an indication of the heterogeneity of a population of thousands of cells or bacteria within minutes (3, 21) . Although a number of investigators have used the method to study the interactions of antibacterial agents and bacteria, most of the literature on this topic has focused on the development of rapid assays for determination of antibacterial susceptibility (5, 12, 18, 19, 26, 29) rather than on analysis of the modes of action of drugs.
Classical techniques for assessing antibacterial effects rely on the detection of changes in the number of bacteria or colonies in a sample over time; a CFU may be either a single viable bacterial cell or a clump containing one or more viable cells. While a flow cytometer can count the number of bacteria and/or clumps of bacteria present in a given volume of sample, it is harder to determine cell viability. In much of the previous work in the field, membrane potential (MP), on the one hand, and impermeability of the membrane to certain classes of fluorescent dyes, on the other, have been used as the main indicators of the physiologic state of the cytoplasmic membrane and the viability of the organism.
Although cells of different species may exhibit differences in membrane permeability, it is widely believed that certain classes of compounds, including organic compounds that bear at least two positive charges and most negatively charged organic compounds, are excluded by the intact cell membranes of both bacteria and eukaryotes. The demonstration, by microscopy or flow cytometry, of uptake of such impermeant compounds by cells is generally considered to indicate cell death. Among the compounds used as indicators of cell death are fluorescent nucleic acid binding dyes with two or more positive charges, such as propidium iodide (PI), TO-PRO-3, and Sytox Green.
In metabolically active bacteria with intact cytoplasmic membranes, there is typically a difference of electrical potential across the membrane, with the interior negative by between 100 and 200 mV with respect to the exterior. A reduction in the magnitude of MP is referred to as electrical depolarization; an increase in the magnitude of MP is referred to as electrical hyperpolarization. MP is reduced to zero if the membrane ruptures, i.e., develops holes large enough to permit inorganic ions to cross freely, as may occur when cells are killed by heating, freezing, or beta-lactam antibiotics. Under these circumstances, the membrane becomes permeable to dyes such as PI, and the change is irreversible. Several classes of chemical compounds, notably, ionophores, can also alter MP without affecting permeability to PI and similar dyes; in bacteria, administration of a proton ionophore such as carbonyl cyanide m-chlorophenylhydrazone (CCCP) will reduce the MP to zero.
A number of fluorescent dyes may be used to estimate the MP of bacteria. Cyanine dyes and other lipophilic compounds that bear a single delocalized positive charge, such as rhodamine 123, and that are added to cell suspensions are concentrated in bacteria in response to the interior negative MP gradient; the fluorescence of organisms exposed to low concentrations of these dyes increases with hyperpolarization and decreases with depolarization. Oxonol dyes, which bear a negative charge, are largely excluded from cells by the MP gradient; the fluorescence of organisms exposed to them increases with depolarization. However, although flow cytometry with either cyanine or oxonol dyes can usually discriminate apparently viable bacteria from organisms killed by heat or ethanol, it has not, until recently, been possible to obtain reliable quantitative measurements of MP in individual organisms.
While recent studies have attempted, using flow cytometry, to examine the effects of antibacterial agents on several different cellular characteristics or parameters, including membrane permeability, MP, and respiratory activity (15, 30) , in those studies, only one of these parameters was measured in any given aliquot of sample, and it was thus impossible to detect and correlate changes in two or more parameters on a cell-bycell basis.
We recently developed a flow cytometric method for the measurement of MP in bacteria (17) . The method is substantially more accurate and more precise than methods previously used for this purpose. We now describe the extension of this technique, used in conjunction with a new, multibeam flow cytometer optimized for examination of bacteria, to provide simultaneous measurements of MP, membrane permeability, and particle counts of bacteria in suspension. This methodology is applied to the analysis of the effects of several antibacterial agents on Staphylococcus aureus and Micrococcus luteus.
MATERIALS AND METHODS
Membrane potential-sensitive dyes. Diethyloxacarbocyanine iodide [DiOC 2 (3)] was obtained from Accurate Chemical (Hicksville, N.Y.) (it is now also available from Molecular Probes, Eugene, Oreg.); bis-(1,3-dibutlylbarbituric acid) trimethine oxonol [DiBAC 4 (3)] was obtained from Molecular Probes.
Membrane permeability indicators. PI and TO-PRO-3, both impermeant compounds that markedly increase their fluorescence on binding to doublestranded nucleic acid, were purchased from Molecular Probes.
Ionophores. The proton ionophore CCCP and the potassium ionophore valinomycin were from Sigma (St. Louis, Mo.).
All dyes and ionophores were made up as stock solutions at 1 mM in dimethyl sulfoxide (DMSO; Sigma) and were diluted in DMSO prior to addition to cultures; the final DMSO concentration in the cultures was below 1% (vol/vol).
Bacteria, antibacterial agents, and culture conditions. S. aureus ATCC 29213 was obtained from Difco Laboratories (Detroit, Mich.); M. luteus was obtained from Carolina Biological Supply Company (Burlington, N.C.). Amoxicillin, chloramphenicol, erythromycin, streptomycin, and tetracycline were obtained from Sigma. Organisms were grown overnight in Trypticase soy broth (Difco) and were subcultured in the morning. Stock solutions of antibacterial agents were made by standard protocols (1) . Agents were diluted to the appropriate concentration in 1 ml of Mueller-Hinton broth (Gibco, Gaithersburg, Md.) that had been filtered though a 0.22-m-pore-size filter (Gelman Sciences, Ann Arbor, Mich.). The MIC was defined as the lowest concentration of agent at which no growth occurred after 24 h in Mueller-Hinton broth.
Subcultured bacteria grown to a concentration of approximately 10 7 /ml were diluted into a solution of antibacterial agent to a concentration of 5.5 ϫ 10 5 /ml, and the mixture was incubated for the appropriate amount of time at 37°C while shaking. At each time point, a 500-l aliquot was removed and MP-sensitive dyes and permeability indicators (described below) were added simultaneously. The bacteria were allowed to incubate with the dyes for 4 min prior to flow cytometric analysis. A second 500-l aliquot was treated identically, except that the proton ionophore CCCP (final concentration, 15 M; Sigma) was added to reduce the MP to zero. Flow cytometry. Flow cytometric studies were performed with a laboratorybuilt dual-laser instrument (22) optimized for bacterial analysis. A 25-mW, 488-nm beam from an argon ion laser and a 20-mW, 633-nm beam from a helium-neon laser were focused to elliptical spots that were 15 m high and 75 m wide and that intersected a 150-m sample stream in air. Light scattered at small angles to the 488-nm beam (forward scatter) was used as the trigger signal. DiOC 2 (3) was excited at 488 nm; its green fluorescence was detected through a 530-nm, 20-nm-bandwidth band-pass filter (Omega, Brattleboro, Vt.), and its red fluorescence was detected through a 610-nm, 19-nm band-pass filter (Omega). TO-PRO-3 was excited by the helium-neon laser, and its far red fluorescence was detected through a 695-nm long-pass filter (RG695; Schott, Duryea, Pa.). All detectors were Hamamatsu (Bridgewater, N.J.) R1477 photomultiplier tubes.
The sheath flow rate was 10 ml/min; the sample analysis rate was kept below 1,000 events/s. The signal pulse amplitudes were captured by high-precision peak detectors and were digitized with an Analogic (Peabody, Mass.) HSDAS-16 16-bit data acquisition system in a Pentium-class personal computer. Software was used to perform logarithmic conversion on all of the parameters, which were represented on a 256-channel, 4-decade logarithmic scale. Data were analyzed by using the FCS Express software package (De Novo Software, Toronto, Ontario, Canada).
Flow cytometric determination of bacterial particle counts. Counts were determined by the addition of 4 M sky blue beads (Spherotech, Libertyville, Ill.) to samples at a known concentration. A working solution of 10 7 beads/ml (determined by counting on a hemocytometer) in water containing 0.5% Triton X-100 was made daily. Beads were diluted 1:100 into the bacterial sample and could be identified and counted on the basis of their intense fluorescence (excitation at 633 nm; emission above 695 nm). The volume of sample analyzed in any given aliquot was calculated from the number of beads measured. The threshold of the flow cytometer was set to exclude particles with forward lightscattering signals substantially smaller than those normally obtained for bacteria. The total number of particles detected during the analysis of an aliquot of sample therefore represented the sum of the number of beads in the aliquot and the number of particles representing single bacteria or clumps of bacteria. Since the beads could readily be distinguished from the bacterial particles by their lightscattering and fluorescence characteristics, the number of bacterial particles in the aliquot could be calculated by subtraction. Dividing this number by the measured volume of the sample, calculated as described above, yielded the concentration of bacterial particles in the aliquot. The bacterial particle count per se cannot be directly related to the number of CFU per unit volume because it does not distinguish between viable and nonviable organisms. However, since the sensitivity of the measurements is sufficient to include all particles in and above the bacterial size range, the bacterial particle count cannot be less than the number of CFU.
Determination of MP. MP was determined as described previously (17). Briefly, the bacteria were incubated with 30 M DiOC 2 (3) for 4 mins, and MP was estimated from the ratio of red to green DiOC 2 (3) fluorescence. At the concentration of dye used, the green fluorescence, due primarily to emission from single dye molecules, varies with the size of the bacterial cell or clump but is largely independent of MP, while the red fluorescence, due to emission from dye aggregates, is dependent on both size and MP. The ratio therefore provides a cell size-independent measure of MP. The red fluorescence/green fluorescence ratio was calibrated by depolarizing the bacteria to various extents by addition of 5 M valinomycin in the presence of different known external concentrations of potassium ion. For comparison purposes, in some experiments, 1 M DiBAC 4 (3) instead of DiOC 2 (3) was used as a putative MP indicator; DiBAC 4 (3) was excited at 488 nm, and its fluorescence was measured through a 530-nm-bandpass filter.
Membrane permeability assessment. Membrane permeability was determined with 100 nM TO-PRO-3 when MP was measured with DiOC 2 (3) or 75 M PI when MP was measured with DiBAC 4 (3). Both TO-PRO-3 and PI exhibit substantially increased fluorescences on binding to intracellular nucleic acids; both dyes normally bear two positive charges and are excluded from cells with intact membranes, while they stain nucleic acids in cells with damaged membranes (10) . Cells killed by heat exposure (100°C for 10 min) were used as controls for TO-PRO-3 or PI staining. PI fluorescence was excited at 488 nm and was measured above 600 nm.
When the DiBAC 4 (3)-PI and DiOC 2 (3)-TO-PRO-3 combinations were compared, aliquots were taken from a single culture, stained appropriately, and analyzed on two different flow cytometers; a cytometer with a single 488-nm argon laser source was used for analysis of organisms stained with DiBAC 4 (3) and PI. This was done primarily to eliminate the possibility that residual DiBAC 4 (3) in the instrument tubing and flow cell would interfere with DiOC 2 (3) measurements and vice versa; it also prevented similar interference from the other dyes used.
Since the TO-PRO-3 fluorescence of a bacterial cell or clump is size dependent, we derived a normalized permeability parameter from the ratio of TO-PRO-3 fluorescence to green DiOC 2 (3) fluorescence.
RESULTS
The effects of the antibacterial-agents on MP and the permeability of S. aureus are summarized in Table 1 .
Tetracycline and erythromycin. Tetracycline (MIC, 0.25 g/ ml) and erythromycin (MIC, 4 g/ml) had similar effects. Both produced concentration-and time-dependent depolarizations; 4 g of either drug per ml reduced MP to Ϫ50 mV after 4 h. Concentrations of these drugs below 1 g/ml did not cause any permeability changes; however, after 4 h of exposure to 4 g/ml, 50 and 20% of tetracycline-and erythromycin-treated bacteria, respectively, were stained by TO-PRO-3.
Streptomycin. Streptomycin (5 g/ml) produced depolarization by 1 h (the earliest time point) (Fig. 1) , and MP remained reduced at 105 min and 4 h. No permeability changes were seen. The effect of streptomycin on MP was abolished if the organisms were preincubated with 1 g of erythromycin per ml for 30 min.
Chloramphenicol. Although 4 g of chloramphenicol per ml completely prevented bacterial growth, no changes in either MP or permeability were observed after 4 h.
Amoxicillin. The effects of amoxicillin (MIC, 1 g/ml) were strongly concentration dependent. Bacterial particle counts increased for the first 2 h of exposure at 1 g/ml and for the first 1 h of exposure at 4 g/ml and decreased thereafter, with the decrease presumably reflecting cell lysis. At 0.25 and 0.5 g/ml, the counts increased slowly between 0 and 2 h and increased more markedly at 3 to 4 h, as growth resumed.
If concentrations below the MIC (0.25 and 0.5 g/ml) were used, the bacteria drastically increased in size, as seen by microscopy and as indicated by large increases in the forwardscatter signal (data not shown). Changes in permeability could be observed 45 min after antibiotic addition; however, the variance of the TO-PRO-3 fluorescence distribution was quite large (Fig. 2) , due primarily to the large variance in size resulting from drug administration. We corrected the raw TO-PRO-3 fluorescence data for size variation by calculating a quantity proportional to the logarithm of the ratio of the TO-PRO-3 fluorescence to the green DiOC 2 (3) fluorescence, which is known to be proportional to size; the logarithm of green fluorescence was subtracted from the logarithm of TO-PRO-3 fluorescence, and a constant, 96, was added to keep the values on scale. This correction (Fig. 2c) demonstrated that the brightly staining population in Fig. 2b was an artifact and that the majority of cells were not permeable to TO-PRO-3.
After 2 h of treatment with amoxicillin at either 0.25 or 0.5 g/ml, a population that was permeable to TO-PRO-3 but that maintained a near-normal MP, which could be reduced to zero by addition of 15 M CCCP, was detected (Fig. 3a) . After 4 h, the majority of the cells were not permeable (Fig. 3b) . Resumption of bacterial growth, as detected flow cytometrically by an increase in bacterial counts, was coincident with the decrease in the fraction of permeable cells, which occurred after 3 h in the presence of 0.25 g of amoxicillin per ml and after 4 h in the presence of 0.5 g of amoxicillin per ml. In contrast to what was observed with amoxicillin concentrations below the MIC, the dominant characteristic of cells treated with concentrations above the MIC was a decrease in MP (Fig.  4) . In fact, bacteria exposed to 4 g/ml consistently had a lower percentage of cells permeable to TO-PRO-3 than did those exposed to 1 g/ml (Fig. 5) . Treatment of the bacteria with 1 g of erythromycin per ml for 30 min prior to amoxicillin exposure completely prevented any changes that would otherwise have been induced by the latter drug.
Drug effects were qualitatively very similar for S. aureus and M. luteus; we determined the MICs of the drugs that we used, and they were the same for both species. Frequency distributions of measured parameters (scatter and fluorescence) showed less variance for M. luteus than for S. aureus; this would be expected since the former organism tends to grow in tetrads, while the latter forms clumps with various numbers of cells.
Comparison of DiBAC 4 (3)-PI with DiOC 2 (3)-TO-PRO-3.
Others (6, 12) have used the oxonol dye DiBAC 4 (3) as an indicator of MP and the nucleic acid stain PI to demonstrate membrane permeability. We compared the combination of DiBAC 4 (3) and PI with that of DiOC 2 (3) and TO-PRO-3 to see if the two were equivalent in demonstrating the effects of amoxicillin. Membrane permeability measurements with PI 
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and TO-PRO-3 were comparable; at any given time point, the percentages of cells permeable to one dye or the other were essentially equal (data not shown). However, there were large discrepancies between the results obtained with DiBAC 4 (3) and DiOC 2 (3) for measurement of MP. DiBAC 4 (3) staining was strongly influenced by cell size. In organisms exposed to concentrations of amoxicillin below the MIC, when the forward-scatter intensity had increased by at least a factor of 10, DiBAC 4 (3) staining also increased by the same factor, while the DiOC 2 (3) ratiometric measurement, which largely corrects for the effects of size variation, indicated that MP was unchanged (Fig. 3 ). An attempt was made to correct the DiBAC 4 (3) measurement for size variation by computing the log of the ratio of DiBAC 4 (3) fluorescence to scatter intensity; however, discrepancies between the data obtained with dependent on membrane permeability (17) , the intensity of DiBAC 4 (3) fluorescence did not give any clear indication that there were separate populations of permeable and impermeable cells, even in samples in which PI staining clearly showed two populations.
DISCUSSION
We hypothesized a priori that our technique should yield a predictable pattern of results depending on the mechanism of action of the antibacterial agent being tested. Since most bacteriostatic agents work by interfering with protein synthesis, we did not expect that they would cause changes in either permeability or MP in the short term following drug exposure. We further predicted that agents known to damage the cell wall and membrane would cause changes in permeability as well as MP. We expected that cells that were permeable to TO-PRO-3 would always show a concomitant depolarization, assuming that the associated membrane damage would be sufficient to abolish the ion gradients needed to maintain a normal MP. Our studies have shown that these assumptions were too simplistic and indicate that the mechanisms of action of some of the antibacterial agents examined may be more complex than commonly perceived.
Chloramphenicol was the only agent that behaved as we expected, causing neither depolarization nor increased permeability. Mortimer et al. (16) have also shown that chloramphenicol does not cause changes in permeability, even at high concentrations. Since chloramphenicol works by binding to the 50S subunit of the ribosome and inhibiting the interaction between the aminoacyl-tRNA and the ribosome (7), we can conclude that de novo protein synthesis is not needed for the maintenance of MP or permeability, at least for a 4-h period.
Streptomycin is the prototype of the aminoglycosides, a class of antibiotics for which the mechanism of action is incompletely understood (4). The major site of action of the aminoglycosides is the ribosome, where the drugs block the initiation of protein synthesis and also cause misreading in protein trans- 
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on April 29, 2016 by guest http://aac.asm.org/ lation (4). However, a secondary effect of the aminoglycosides is membrane damage (4). Some investigators have reported that membrane damage depends on de novo protein synthesis (9) , noting that it is prevented by pretreatment with chloramphenicol. Others claim that membrane damage is not dependent on active protein synthesis, as damage is evident within 1 min of gentamicin treatment and occurs in the presence of metabolic inhibitors (14) . Irrespective of the exact mechanism of membrane damage, our studies did not show any changes in membrane permeability, as seen by TO-PRO-3 staining. Other investigators also show no (23) or very small (16) changes in permeability to nucleic acid stains, as detected by flow cytometry, induced by gentamicin in gram-negative organisms, even at concentrations up to 10 times the MIC. Since aminoglycosides are known to increase membrane permeability to a variety of small molecules including nucleotides, citrate, and amino acids (4), the lack of staining by nucleic acid dyes suggests that a different pathway of membrane damage might be involved in making cells permeable to the dyes (a greater degree or a different type of permeability is needed to permit entry of these dyes).
Streptomycin did reduce MP, as others, using DiBAC 4 (3) as an indicator, have reported previously (16) . Streptomycin is known to cause K ϩ efflux and inhibit respiration (8) , both of which should produce electrical depolarization. Chloramphenicol has been shown to prevent streptomycin-induced cell death (4), and chloramphenicol, tetracycline, and erythromycin all prevent streptomycin-induced membrane blebbing and damage (9, 11) . In our hands, erythromycin prevented streptomycin-induced depolarization, indicating that active protein synthesis is a prerequisite for this phenomenon or that erythromycin antagonizes streptomycin binding to the cellular constituent responsible for this effect. The fact that the level of depolarization stayed constant from 105 min to 4 h is significant, as it shows that the damage is not cumulative and that the organism still maintains a partial ability to regulate its MP.
In our assay, tetracycline and erythromycin produced qualitatively similar responses. Tetracycline and erythromycin inhibit protein synthesis by binding to the ribosome on the 30S and 50S subunits, respectively (24, 25) . Since studies with chloramphenicol showed that protein synthesis is not necessary for the maintenance of MP or permeability, it is possible that tetracycline and erythromycin may have more direct effects on the cell membrane. While it is known that subinhibitory concentrations of erythromycin can induce alterations in the outer membrane (2, 27) , it is unlikely that this occurred in our experiments, as permeability changes were induced only by concentrations above the MIC. Although tetracycline itself acts primarily on protein synthesis, tetracyclines that act primarily on the membrane are known (20) , and it is conceivable to us that tetracycline itself could perturb membranes at concentrations well above the MIC.
The increase in membrane permeability to nucleic acid dyes in cell populations exposed to ␤-lactam antibiotics is a wellknown phenomenon (6, 19) . It is also well known that concentrations of ␤-lactams below the MIC cause the formation of giant, multicellular structures as a consequence of incomplete bacterial fission (13) . Figure 2 highlights the importance of correcting for this phenomenon when making permeability measurements. In uncorrected samples (Fig. 2b) it appears as if there are two populations, with the majority of cells being permeable to roughly the same extent as heat-treated cells. The difficulties in interpreting permeability data when there is a wide variation in size were noted by Gant et al. (6) . Once size is corrected for by using the DiOC 2 (3) fluorescence measurement value (17) , it becomes evident that the majority of cells have maintained their membrane integrity (Fig. 2c) and that those that are permeable to TO-PRO-3 are permeable to only a small degree. When correction of the raw TO-PRO-3 fluorescence measurements was attempted by using forward-scatter measurement values, the corrected distribution still exhibited a large variance (data not shown). The superiority of the DiOC 2 (3) correction probably depends on the fact that DiOC 2 (3) staining reflects cell volume, while forward scatter is more directly representative of cell cross-sectional area. We also noted a strong size dependence of the DiBAC 4 (3) fluorescence distribution when this dye was used to assess MP in bacteria treated with sub-MICs of ␤-lactams. In these cases, DiBAC 4 (3) staining was increased over control values by a FIG. 5. Effects of a 1 g (a) and 4 g (b) of amoxicillin per ml on S. aureus after 3 hs. Quadrants were set as described in the legend to Fig. 3 . TO-PRO-3 fluorescence is uncorrected.
factor of 10 (data not shown), even when the DiOC 2 (3) ratiometric method, which largely eliminates the effects of size variation (17) , indicated minimal changes in MP.
It is usually assumed that bacterial permeability to nucleic acid dyes such as TO-PRO-3, PI, and Sytox Green is associated with the presence of substantial, irreparable breaches in the membrane, in the presence of which the organisms cannot maintain MP and are therefore nonviable (19) . However, the data presented in Fig. 3 show that this is not always the case. Bacteria exposed to concentrations of amoxicillin below the MIC always demonstrated a population with permeable membranes and a normal MP, and eventual increases in bacterial counts were coincident with a reversion to a single population with impermeable membranes. Several possible bases for this observation come to mind.
The first is that events in the upper right quadrant of Fig. 3a represent clumps containing both dead TO-PRO-3-permeable cells, which do not maintain MP, and viable cells, which maintain MP and which exclude TO-PRO-3. This seems unlikely; if the clump contained both depolarized and viable cells, the red fluorescence/green fluorescence ratio should report an intermediate value. The second is that the TO-PRO-3-permeable cells are dead or dying and that the TO-PRO-3-impermeable, viable population with normal MP, represented in the lower right quadrant of Fig. 3a , expands over the course of the following 2 h until it comprises the majority of the cells, as seen in Fig. 3b . The third is that viable cells, which possess a relatively normal MP, have become transiently permeable to TO-PRO-3, due to amoxicillin treatment, but can repair the damage and can continue dividing once a permeability barrier has been restored.
While we were not able to eliminate either of the last two possibilities conclusively, the kinetics of the disappearance of the permeable population suggests that viable cells do become transiently permeabilized and later revert to an impermeable state (data not shown). It has been suggested that such a transition from a permeable to an impermeable state is responsible for the lag period before growth is observed following the addition of nutrients to starved cultures of M. luteus (28) . Thus, although permeability to nucleic acid dyes often is an indicator of cell death, it may be unwise to apply this criterion in all situations.
Concentrations of amoxicillin above the MIC, in contrast to those below the MIC, produced both electrical depolarization and permeability increases (Fig. 5) . Although it appears from Fig. 5b that organisms exposed to higher concentrations of amoxicillin showed less intense TO-PRO-3 fluorescence, many of the datum points shown in Fig. 5b are likely to represent lysed cells and subcellular debris. Given the apparently transient nature of permeabilization, on the one hand, and the relative difficulty of interpreting TO-PRO-3 fluorescence measurements, on the other, it seems that in amoxicillin-treated cells, loss of MP is a more reliable indicator of cell death than membrane permeability is.
Our results suggest that simultaneous assessment of changes in two or more physiological characteristics by multiparameter flow cytometry can allow distinctions between the mechanisms of actions of different classes of antibacterial agents to be made and indicate that some agents have additional mechanisms of action besides those classically attributed to them. The ratiometric technique for MP measurement that we have recently described (17) and the normalized permeability measure described here correct for cell size variations, including those resulting from the actions of antibiotics, and for cell clumping and should therefore be more precise than methods used previously by us and by others. While a broadly applicable cytometric criterion for viability remains to be found, we believe that further application of multiparameter flow cytometry can provide valuable information about the pharmacology of existing and newly developed antibiotics.
